Physical biochemical techniques are used to establish the structure, subunit stoichiometry, and assembly pathway of the primosome complex of the bacteriophage T4 DNA replication system. Analytical ultracentrifugation and fluorescence anisotropy methods show that the functional T4 primosome consists of six gp41 helicase subunits that assemble into a hexagon, driven by the binding of six NTPs (or six nonhydrolyzable GTPγS analogues) that are located at and stabilize the intersubunit interfaces, together with a single tightly bound gp61 primase subunit. Assembling the components of the primosome onto a model DNA replication fork is a multistep process, but equilibrium cannot be reached along all mixing pathways. Producing a functional complex requires that the helicase hexamer be assembled in the presence of the DNA replication fork construct prior to the addition of the primase to avoid the formation of metastable DNA-protein aggregates. The gp41 helicase hexamer binds weakly to fork DNA in the absence of primase, but forms a much more stable primosome complex that expresses full and functional helicase (and primase) activities when bound to a gp61 primase subunit at a helicase:primase subunit ratio of 6∶1. The presence of additional primase subunits does not change the molecular mass or helicase activity of the primosome, but significantly inhibits its primase activity. We develop both an assembly pathway and a minimal mechanistic model for the structure and function of the T4 primosome that are likely to be relevant to the assembly and function of the replication primosome subassemblies of higher organisms as well.
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DNA-protein complexes | macromolecular machines | duplex DNA unwinding | replication complex assembly T he DNA replication system of bacteriophage T4 contains eight different types of protein subunits, several present in multiple copies. Subsets of these components form three stable and functional protein complexes that can be assembled onto a model DNA replication fork in vitro to form an integrated T4 DNA replication complex that is capable of unwinding the parental DNA duplex and synthesizing new viral DNA with essentially in vivo rates and fidelity (1, 2) . These replication subassemblies are: (i) the leading-and lagging-strand replication polymerases that catalyze the template-directed copying of the two parental-strands of the DNA genome at each cell division; (ii) the clamp-clamp loader complex that controls the processivity of the replication process by linking the polymerases to their respective template strands and also regulates the release and recycling of the lagging strand polymerase following the completion of each Okazaki fragment; and (iii) the helicase-primase (primosome) complex that unwinds the double-stranded genome ahead of the replication fork in its capacity as a helicase, while also performing template-directed synthesis of the RNA primers that reinitiate discontinuous lagging-strand DNA synthesis after each Okazaki fragment has been completed.
The subunit components and stoichiometries of the replication complexes of higher organisms closely resemble those of T4 (3, 4) . Their helicases, in the presence of NTP, all form hexameric rings of identical subunits and interact with one or more primase subunits to form functional primosomes (5-7). Thus, the T4 DNA replication system and its constituent subassemblies comprise the simplest model system for studying many aspects of DNA replication in higher organisms (8) . Furthermore, each of the three functional protein subassemblies can be loaded onto an appropriate DNA construct in vitro, permitting their mechanisms to be studied separately. DNA helicase activity is required to unwind the genomic DNA at the replication fork and to provide access for the DNA polymerases to their respective templates. This helicase function must be integrated with that of the primase, which serves as a low processivity RNA polymerase that carries out template-directed synthesis of RNA (5-mer) primers at approximately 1-kb intervals along the lagging strand DNA template. This functional integration of the helicase and the primase components of the T4 system alters both activities within the replication complex, and these interactions, together with the assembly pathway and subunit composition of the T4 primosome, form the main focus of this paper.
Biophysical studies of T4 primosome complexes (6, 7, 9, 10) have provided some information about their subunit stoichiometry, as well as insight into how these components work in conjunction with one another. However, two different sets of observations have come to different conclusions about the stoichiometry (and thus the mechanism) of the T4 primosome. In early work gel shift and protein-protein chemical cross-linking methodologies had shown that the gp61 primase subunit binds to the gp41 helicase hexamer at an approximately 1∶6 subunit stoichiometry (5, 7) . In contrast, Benkovic and coworkers have interpreted more recent and indirect fluorescence anisotropy and scanning calorimetry experiments (10) (11) (12) to argue that the primase subunits may interact with gp41 in an approximately 6∶6 subunit stoichiometry. This difference is important because in a primosome containing one primase and six helicase subunits the primase must be shared, which makes very different functional and mechanistic demands on both helicase and primase mechanisms than does a 6∶6 ratio, as is found in the hexameric helicase of bacteriophage T7, where every helicase subunit carries its own primase domain (13) . The replication complex of T7 differs in many important aspects from that of T4 or the replication complexes of higher organisms.
Given the importance of the bacteriophage T4 replication complex as a model system, we have undertaken additional and careful studies by several methodologies to further examine the issues of subunit stoichiometry and assembly of the T4 primosome. The results increase our understanding of the molecular interactions that regulate primosome assembly and its function as a helicase and a primase, as well as providing insight into interactions between the primosome and the other subcomplexes of the T4 DNA replication system and, by extension, our understanding of helicase-primase complexes in higher organisms.
Results
Assembly of the T4 helicase hexamer depends on the concentrations of gp41 subunits and NTP ligands. Analytical ultracentrifugation was used to characterize the equilibria involved in the assembly of the T4 gp41 helicase hexamer. Sedimentation velocity profiles of gp41 at a subunit concentration of 1.5 μM in the absence of NTP ligands showed only one significant peak with an s 20;w of approximately 4.5 S (Fig. 1A ; see also Fig. S1 ). Assuming average hydration, this is close to the sedimentation coefficient expected for these relatively spherical gp41 subunits (14) , and confirms earlier findings that gp41 protein exists in solution primarily as a monomer at these protein concentrations in the absence of NTP (6) . We confirmed also that the addition of GTPγS (a nonhydrolyzable analogue of GTP) to a solution of gp41 monomers at this concentration drives this replication helicase into a stable hexameric state. We note that two additional components appeared in the c(s) versus s 20;w distribution plots as the GTPγS concentration was increased ( Fig. 1 B and C) . These components fall at s 20;w values between that of the monomer (approximately 4.5 S) and the approximately 10.5 S peak that corresponds to the sedimentation of the hexamer form that dominates at high GTPγS concentrations ( Fig. 1 C and D and Fig. S1F ).* We suggest that these intermediate peaks represent hexamer assembly intermediates, with the approximately 6 S peak corresponding to gp41 dimers at approximately 8.2 S to gp41 tetramers. These assignments are consistent with hydrodynamic modeling calculations (see discussion of hydrodynamic calculations in SI Text). These intermediate peaks decreased in size as the concentration of GTPγS was increased over the experimentally accessible concentration range, as expected for an equilibrium system.
† At a 20-fold molar excess of GTPγS over protein subunits most of the complexes formed physiologically relevant hexamers ( Fig. 1D and Fig. S1 D and F) stabilized by NTP ligands binding at the gp41 subunit-subunit interfaces. At 3 μM concentrations of gp41 subunits an approximately 60-μM concentration of GTPγS was required to drive the assembly of gp41 hexamers essentially to completion under the solution conditions used here and in the absence of gp61 and DNA. Fig. S2 A and B) . Nevertheless, the helicase hexamer does exist as a stable component within the T4 replication system at the DNA replication fork. We had previously suggested that T4 gp61 primase might play this stabilizing role (7). However, undefined primase-DNA aggregates are formed when T4 primase, which sediments as a monomer with an s 20;w of approximately 2.6 S in isolation (Fig. S3A ), is mixed with ssDNA or DNA fork constructs ( Fig. S3 B and C) . Fluorescence anisotropy experiments in which increasing concentrations of gp61 were added to ssDNA confirmed the appearance of undefined primase-DNA aggregates (Fig. S3D) . To assemble the components of the T4 replication system and determine the ratios of individual subunits in the final complex requires that we establish an assembly pathway that produces a stable complex and avoids the formation of metastable aggregates. To this end, a series of experiments were performed in which various order-of-addition protocols were tested and the concentrations of individual components were varied to define optimal (and equilibrium) mixing conditions for assembling stable and active primosomes on DNA fork constructs. The details of some of these assembly pathway experiments are presented in SI Text.
We tested a possible assembly route involving initial mixing of helicase and primase subunits in the presence of GTPγS, followed by the addition of DNA. This procedure did not result in stable primosome-DNA complexes (Fig. S4 ). The addition of gp41 to mixtures of DNA, gp61, and GTPγS also resulted in aggregation and precipitation ( Fig. S5) , showing that this order-ofaddition pathway leads to the formation of metastable aggregates rather than stable and equilibrated DNA-bound primosome complexes. Finally, we tried adding gp61 to an initial mixture of DNA and hexameric helicase molecules. Using this assembly protocol we were able to show that adding GTPγS to a solution containing the DNA construct, followed by the addition of gp41 subunits, resulted in the formation of unstable DNA-gp41 helicase hexamer complexes that could then be stabilized by adding primase. This order-of-addition pathway led to clear and reproducible sedimentation velocity boundaries ( Fig. 2 A-D) and to welldefined stoichiometric complexes in fluorescence anisotropy titrations (Fig. 2E) .
A Stable Primosome Complex is Formed with DNA at a 6∶1 HelicasePrimase Subunit Stoichiometry. To achieve maximal processivity and activity, a functional helicase must bind tightly to the DNA fork construct that serves as an unwinding substrate. Sedimentation velocity experiments showed that the addition of even small amounts of gp61 increased the stability of complexes between gp41 hexamers and DNA (Fig. S6) . Titration of gp61 into pre- *We note that these c(s) versus S distribution plots show a nonzero point (and a peak) at each sedimentation coefficient value at which a resolvable boundary is centered in a sedimentation velocity run. Points are taken at 0.1 S intervals. The height of each peak represents the concentration of the corresponding component, but we note that spreading due to homogenous (Gaussian) diffusion has been removed from these representations and therefore the apparent width of each peak (when it contains more than one point) is due only to the presence of minor apparently independently sedimenting components detected by the program. For further details of the steps involved in the analysis of such sedimentation velocity experiments see SI Text, Fig. S1 . † The GTPγS concentrations used were ≤60 μM; at higher concentrations the optical density of this ligand at 280 nm overwhelmed the optical density of the protein components.
formed gp41-GTPγS-DNA complexes, monitored by fluorescence anisotropy (Fig. 2E) , confirmed this result. Given that gp61 can interact with both gp41 and DNA, it was necessary to determine the subunit stoichiometry at which these components interact to form a stable and active T4 helicase-primase (primosome) complex.
As summarized above, two sets of experiments in the T4 DNA replication system literature have previously dealt with the subunit stoichiometry of these complexes and came to different conclusions. Using physical methods, Dong, et al. (7) showed that the gp41∶gp61 subunit ratio in these complexes was approximately 6∶1, consistent with an earlier approximately 5∶1 subunit ratio measured in functional studies by Richardson and Nossal (5) . In contrast, Benkovic and coworkers (10-12) interpreted their scanning calorimetry, fluorescence anisotropy, and electron microscopy studies on T4 helicase-primase complexes to suggest that the relevant subunit ratio might be 6∶6. We note that these workers formed their primase-DNA complexes by direct mixing and that their fluorescence anisotropy titrations (figure 1 in ref.
11) did not reach stable plateaus. Rather, their published titration curves closely resemble those of Fig. S3D , which we have shown to reflect the formation of undefined DNA-primase aggregates.
Further assembly experiments were performed to test these contrasting stoichiometry conclusions and define the correct subunit ratio for the functional T4 primosome subassembly. As stated above, our successful approach involved forming weakly associating DNA-gp41-GTPγS complexes and then adding gp61. This procedure permits the system to equilibrate without forming metastable primase-DNA aggregates. Experiments were performed in which the concentration of input gp61 subunits was varied relative to the concentration of the DNA-gp41-GTPγS components present (Fig. 2) . Components mixed at an input (subunit or molecule) ratio of 6∶1∶1 (gp41∶gp61∶DNA) showed a major sedimentation peak at s 20;w ¼ 12.1 S, and smaller peaks at 2.6 S and 4.5 S (Fig. 2A) . These smaller peaks sediment with the s 20;w values characteristic of gp41 and gp61 monomers (Fig. 1A and Fig. S3A ). We suggest that the 12.1 S peak corresponds to an equilibrium ternary (DNA-gp41-gp61) primosome complex that contains one primase subunit per gp41 hexamer. The s 20;w of this component is substantially greater than the 10.5 S value measured for the GTPγS-stabilized gp41 hexamer in the absence of primase (Fig. 1D) . ‡ Varying the Input Ratios of gp41 and gp61 Subunits. This 6∶1 helicase∶primase subunit assignment was further tested in sedimentation experiments by varying the subunit input ratios. In one set of experiments the input gp61 concentration was increased either sixfold or ninefold, resulting in a 6∶6 (Fig. 2B) or 6∶9 (Fig. 2C) helicase∶primase input subunit ratios. The formation of stable primosome complexes containing a gp41 helicase hexamer and more than one primase subunit should increase the observed s 20;w values for the ternary complexes at the higher gp61 input levels. We found that a s 20;w of 12.1 AE 0.5 S was maintained at all three input ratios, suggesting that larger stable primosome complexes containing more primase subunits per helicase hexamer do not form (Fig. 2D) . These experiments also showed that the gp61 subunits present beyond those needed to form the 6∶1 complex sedimented at approximately 2.2 S, close to the s 20;w for free gp61 monomers, while the primosome peak remained at approximately 12.1 S. Similar experiments were performed with solutions containing input gp41 concentrations in excess of the 6∶1 helicase∶primase subunit ratio (see SI Text and Fig. S6) . Here, the excess gp41 appeared as gp41 oligomer peaks that sedimented at approximately 10.5 S or less, while the largest (presumably primosome) peak continued to sediment at 12.1 S.
Fluorescence anisotropy experiments in which gp61 was titrated into a solution containing premixed DNA-gp41-GTPγS solutions at a total gp41 subunit concentration of 3 μM (Fig. 2E) were also performed. The addition of gp61 resulted in a steep increase in anisotropy and a clear breakpoint at approximately 500 nM, again confirming a 6∶1 association stoichiometry for the T4 DNA-primosome complex. In contrast, the addition of gp41 to a preformed complex of gp61 and DNA under the same solution conditions showed an initial drop in anisotropy and then an increase, again suggesting that undefined and concentrationdependent aggregation occurs under these experimental conditions (Fig. S4B) . We conclude that the assembly pathway described here and a 6∶1 gp41∶gp61 subunit ratio lead to a physically stable and discrete T4 primosome-DNA complex.
To further test this conclusion we also performed hydrodynamic modeling calculations (15, 16) in which the complexes were represented by constellations of appropriately sized spherical beads in varying geometries, and values of s 20;w were calculated and compared with our experimental measurements of s 20;w . The calculations are summarized in Fig. S7 and show that, while these hydrodynamic calculations cannot help us to discriminate between reasonable primosome structures containing from one The anisotropy data show a stoichiometric break point at approximately 500 nM gp61, corresponding to a T4 primosome complex containing gp41 and gp61 subunits (and DNA constructs) in a 6∶1∶1 molar ratio. ‡ The estimated standard error of the determination of these sedimentation coefficients between different runs is approximately AE0.6 S, and the standard error for the position of a peak on an individual c(s) versus s 20;w plot is (by definition) AE0.1 S, because that is the spacing at which we took points in the experiments.
to three primase subunits per gp41 hexamer, complexes containing six primase subunits per helicase hexamer are clearly ruled out by this approach as well.
Functional Unwinding and Priming Assays Confirm an Approximately
6∶1 gp41∶gp61 Subunit Stoichiometry for the T4 Primosome. Finally, we ask whether complexes assembled according to the above protocols and subunit stoichiometries are also optimal in functional assays. Previous experiments in which Richardson and Nossal (5) examined the effects of primase on the helicase activity demonstrated that the T4 primosome unwound a helicase assay substrate construct (formed from M13mp2 ssDNA bound to a 51-bp complementary strand with a 15-nt long noncomplementary 3′ tail) much more efficiently than did gp41 helicase hexamer alone. Furthermore, these experiments showed that helicase unwinding activity plotted as a function of input gp61 reached a plateau at a helicase∶primase subunit ratio of approximately 6∶1 (5). These results are included in Fig. 3 to compare with new experiments that we carried out to examine the physiological priming activity of the T4 primosome complex, using the RNA priming assay described in Materials and Methods and SI Text.
As previously shown (17) , the addition of gp61 to gp41, together with DNA substrates containing suitable priming template sequences, results in the synthesis of pentameric RNA primers on the template DNA. Here (Fig. 3) , we demonstrate that the titration of gp61 subunits into a primase assay system containing a fixed concentration of gp41 helicase hexamers, ssDNA and excess concentrations of all four canonical NTPs resulted in a progressive increase in the rate of formation of pentameric RNA primers, and that this primase activity reached a maximum value at an input primase to helicase subunit ratio of 1 to 1.5 gp61 subunits per helicase hexamer (grey zone in Fig. 3 ). The addition of more primase subunits resulted in a progressive decrease in the rate of primer formation, showing that the addition of primase beyond an approximately 6∶1 helicase∶primase subunit ratio inhibits RNA primer synthesis. At a 6∶6 molar ratio of gp41∶gp61 subunits this inhibition was essentially complete (Fig. 3) . We suggest that this inhibition may reflect the occlusion of priming sequences as the excess gp61 subunits form metastable ssDNAprimase aggregates with the ssDNA template.
Discussion
Overview. The following results relevant to the structure, function, subunit stoichiometry and assembly pathway of the T4 primosome complex have been established or confirmed. (i) The T4 primosome comprises six helicase (gp41) and one primase (gp61) subunits, additional primase subunits are not bound, and a primosome complex with this 6∶1 subunit stoichiometry is stable and fully active as both a helicase and a primase. (ii) The helicase hexamer of the primosome assembles from free gp41 monomers via dimer and tetramer intermediates in the presence of hydrolyzable (GTP) or non-hydrolyzable (GTPγS) ribonucleotide triphosphates. (iii) Primosome assembly is an equilibrium process and intermediates can be detected by ultracentrifugation in the presence of limited concentrations of helicase or primase subunits or GTPγS. (iv) An NTP-saturated primosome complex with a 6∶1 helicase∶primase subunit composition binds stably to ssDNA or to a DNA replication fork, while an NTP-saturated gp41 hexameric helicase alone binds much more weakly.
We have defined a primosome assembly (order-of-addition) pathway that leads to a stable equilibrium complex with model DNA replication forks. This pathway is shown in Fig. 4 . We have also shown that the use of other assembly protocols, such as adding gp61 to a forked DNA construct in the absence of stable gp41 hexamers, leads to aggregation and metastable complexes. We suggest that this may explain some earlier fluorescence anisotropy and titration calorimetry data that seemed to suggest helicase-primase subunit stoichiometries approaching 6∶6 (10-12). Clearly even in equilibrium situations one cannot assume that a stable and functional macromolecular complex has been formed just because the components are mixed in correct proportions at concentrations above the relevant dissociation constants; rather it must be demonstrated directly that the mixing protocol does not result in the formation of undefined complexes that are trapped in metastable states. In vivo this pathway problem is probably avoided by specific or nonspecific chaperones that help macromolecular complexes attain conformational and compositional equilibrium.
Significance of a 6∶1 Helicase∶Primase Subunit Stoichiometry. The operation of the primosome with a single primase subunit puts important constraints on mechanistic models for helicase and primase functions, both for T4 and for the replication complexes of higher organisms that seem also to function with significantly fewer primase than helicase subunits. The primase monomer is smaller than a helicase subunit, making it unlikely that more than one or two helicase subunits can be in contact with the primase subunit at any one time. Our demonstration here that the primase subunit plays a central role in binding the primosome to the replication fork suggests, for any model in which all the subunits of the gp41 hexamer play active roles, that the primase is likely to be repositioned on the helicase hexamer at every iteration of the helicase cycle that moves the primosome complex progressively into the replication fork.
A Simple Mechanistic Model for the T4 Primosome Helicase. A conceptually simple (and speculative) model for primosome function at the replication fork, which is based on the literature and the issues of subunit stoichiometry and interaction that we have defined here and is also compatible with what we know about hexameric replication helicases that react with limited numbers of primase subunits in higher organisms, is outlined in Fig. S8 . It has the following features. (i) The primosome is positioned at the replication fork with the lagging DNA template strand passing through the center of the helicase hexamer and the leading template strand bound to the outside of approximately two gp41 subunits. This is compatible with a ssDNA binding site size for the T4 helicase of approximately 20 nts (18) and is also consistent with the binding site size that has been demonstrated for the closely related hexameric dnaB helicase of E. coli (19) . (ii) The primase subunit binds to two ssDNA-bound gp41 subunits at the replication fork (20) , bringing it into effective contact with the NTP ligand that lies between these subunits. This primase binding proximity could then specifically "activate" the hydrolysis of the NTP located at this position, while not perturbing the NTP ligands that lie between and stabilize other gp41 subunit interfaces and are not directly adjacent to the primase subunit.
§ The primase subunit likely binds leading strand ssDNA at the fork and functional arguments show that in the complete replication complex the primase must also lie sufficiently close to the lagging strand to permit it to use this ssDNA as templating sequences for RNA synthesis. This primer synthesis could take place as the separated ssDNA of the lagging strand enters the central hole in the helicase hexamer. (iii) The activated NTP of the primosome helicase then hydrolyzes to NDP and P i , transiently releasing the primase subunit from the lagging strand ssDNA and also specifically weakening the interaction of the approximately 2 gp41 subunits with the fork junction. This could permit the helicase hexamer to rotate by one subunit relative to the fork and also to "move into" the dsDNA of the fork by one nucleotide position as a consequence of local fork "breathing" (21), followed by the rebinding of the next pair of gp41 subunits at the replication fork and the concomitant rebinding of the primase to the fork DNA, but now translocated around the hexamer helicase ring by one gp41 subunit position. The primase subunit could achieve this reorientation by dissociating and rebinding, or it could remain bound to one of the ssDNA strands and/or gp41 subunits and "pivot" into its new position without dissociation.
This model is consistent with a step-wise and sequential hydrolysis of the primosome-bound NTPs around the helicase ring. We emphasize that this mechanism requires a "mobile" primase and is thus fundamentally different from one that might apply to a T7 DNA helicase-primase complex in which each subunit of the T7 helicase-primase complex carries both a helicase and a primase domain. In a recent single molecule study Sun et al. (22) have also proposed a mechanism for the T7 helicase in which the NTPs bound at the interface fire sequentially and "cooperatively" as the helicase moves into the replication fork. We note that the model outlined above is basically a Brownian ratchet, with the primase playing the role of the ratchet. Other proposed mechanisms for hexameric helicases, developed largely on the basis of crystal structures, are conceptually closer to power-stroke models (23, 24) . Elsewhere (DJ, SEW and PHvH; manuscript under review) we have further developed and refined the molecular details of this mechanistic model on the basis of near UV spectral measurements with site-specifically placed DNA analogue base probes that can directly monitor dsDNA base pair opening and closing events and the stacking and unstacking of vicinal bases within the replication fork as the T4 primosome helicase advances.
Materials and Methods
Materials. Unless stated otherwise, all experiments were performed at 20°C in buffer containing 20 mM HEPES (pH 7.5), 150 mM K(OAc), 10 mM We note that a similar NTP-activation mechanism has recently been described for the clamp-loading complex of the T4 replication system (25, 26).
MgðOAcÞ 2 , 0.1 mM EDTA and 1 mM DTT. Purine nucleoside triphosphates and their non-hydrolysable analogues were purchased from Sigma-Aldrich.
[γ-32 P] GTP and [γ-32 P] ATP were obtained from NEN (Boston, MA). Unlabeled and 2-AP labeled DNA oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA). DNA oligonucleotides 5′-labeled with Oregon Green 488 were from Operon (Huntsville, AL). Oligonucleotide concentrations were determined by absorbance at 260 nm using extinction coefficients furnished by the manufacturer. Forked DNA constructs were annealed by heating equimolar concentrations of DNA primer and template strands at 90°C for 5 min, followed by gradual (2 h) cooling to 25°C. The DNA constructs used in this study are shown in Table S1 . The T4-coded DNA replication helicase (gp41) and replication primase (gp61) were prepared and concentrations determined as previously described (see 6, 20 and SI Text).
Primase Assay. Primase assays were performed in a reaction buffer containing 33 mM Tris-OAc, 125 mM KOAc, 6 mM MgðOAcÞ 2 , 0.5 mM DTT and 200 μM each of all four canonical rNTPs, in addition to 3.5 mM ATP and 100 nM ½α-32 PrCTP. Unless otherwise indicated, the reaction mixtures contained 800 nM gp41 and 50-900 nM gp61 (concentrations as protein subunits) and 100 nM of ssDNA construct (Table S1 ) in a 10-μl reaction volume. Reaction mixtures were assembled on ice and preincubated at 37°C for 2 min. Reactions were started by the addition of the proteins components, incubated at 37°C for 30 min and then quenched by adding 10 μl of 95% deionized formamide containing 20 mM EDTA, 0.25% xylene cyanol and 0.25% bromophenol blue. The quenched reactions were subjected to electrophoresis on 22% polyacrylamide 8 M urea gels (19∶1 acrylamide∶bis-acrylamide) at 40 watts for 90 min and the dried gels were quantitated using an AMBIS scanner.
Analytical Ultracentrifugation. Sedimentation velocity experiments were performed in a Beckman Optima XL-I Analytical Ultracentrifuge. Protein and nucleic acid samples were dialyzed extensively against reference buffer [20 mM HEPES (pH 7.5), 150 mM K(OAc), 10 mM MgðOAcÞ 2 ] prior to centrifugation and protein and nucleic acid concentrations were re-measured after dialysis. Sedimentation runs were performed and analyzed by standard techniques; see SI Text and Fig. S1 .
Steady State Fluorescence and Anisotropy Experiments. Fluorescence experiments were performed with a Jobin-Yvon Fluorolog or Fluoromax spectrofluorimeter. The excitation wavelength for Oregon Green labeled samples was 494 nm and emission was monitored at 520 nm. When 2-AP served as the fluorescent probe the excitation wavelength was 315 nm and emission spectra were recorded from 330 to 400 nm. Binding curves were fit to Eq. 1:
where ΔA is the change in anisotropy at each point in the titration, ΔA T is the total anisotropy change, D T is the total DNA concentration, E T is the total gp61 concentration and K d is the dissociation constant.
